. R. C. McMaster, Ed., Nondestructive Testing Handbook (American Society for Nondestructive Testing, ed. 2, 1982) . The ultrasonics method takes advantage of the direct relation between mechanical properties (Young's modulus) and the propagation velocity of ultrasound through the material. 27 . Whereas in the solid state the reversibility is observable only to the extent of ϳ 10% to 20% (see Fig. 4 , A and B), a suspension of a 350 mg sample of a monolith in 50 ml chlorobenzene dissolved completely upon heating to reflux over ϳ1 hour. 28 Dip-pen nanolithography was used to construct arrays of proteins with 100-to 350-nanometer features. These nanoarrays exhibit almost no detectable nonspecific binding of proteins to their passivated portions even in complex mixtures of proteins, and therefore provide the opportunity to study a variety of surface-mediated biological recognition processes. For example, reactions involving the protein features and antigens in complex solutions can be screened easily by atomic force microscopy. As further proof-of-concept, these arrays were used to study cellular adhesion at the submicrometer scale.
Arrays of microscopic features comprising different proteins are extremely important for proteomics and cell research, pharmaceutical screening processes (1) (2) (3) (4) , and panel immunoassays (5, 6 A typical protein array was fabricated by initially patterning 16-mercaptohexadecanoic acid (MHA) on a gold thin-film substrate in the form of dots or grids. The features studied thus far, both lines and dots, have been as large as 350 nm (line width and dot diameter, respectively) and as small as 100 nm (Fig. 1) . The areas surrounding these features were passivated with 11-mercaptoundecyl-tri(ethylene glycol) by placing a droplet of a 10 mM ethanolic solution of the surfactant on the patterned area for 45 min followed by copious rinsing with ethanol and, then, NANOpure water (NANOpure, Barnstead/Thermolyne Corp.). As proof-of-concept experiments, the proteins were absorbed on the preformed MHA patterns (Fig. 2 ) by immersing the substrate in a solution containing the desired protein (10 g/ml) for 1 hour. The substrate was then removed and rinsed with 10 mM Tris buffer [Tris-(hydroxymethly) aminomethane], Tween-20 solution (0.05%) and, finally, NANOpure water. Such proteins have a high affinity for carboxylic acid-terminated monolayers at pH 7 (10-13) and a relatively weak affinity for surfaces coated with 11-mercaptoundecyl-tri(ethylene glycol) (15, 16) . The protein arrays were then characterized by AFM. In the case of arrays composed of immunoglobulin G (IgG) patterns, the reaction of the array with rabbit antibody to mixtures of proteins was studied by AFM.
Lysozyme, an ellipsoidal shaped protein (4.5 nm by 3.0 nm by 3.0 nm), (17) cleanly assembled on the MHA nanopatterns, as evidenced by contact and tapping mode AFM (Fig. 1, B to D) , respectively (18) . Note that there is almost no evidence of nonspecific 1 Northwestern University, Department of Chemistry and Center for Nanofabrication and Molecular SelfAssembly, 2145 Sheridan Road, Evanston, IL 60208, USA. 2 University of Chicago, Department of Chemistry and the Institute for Biophysical Dynamics, 5735 South Ellis, Chicago, IL 60637, USA.
*To whom correspondence should be addressed. Email: camirkin@chem.northwestern.edu; for cell adhesion work: mmrksich@midway.uchicago.edu protein adsorption on the array and that height profiles suggest that between one and two layers of protein adsorb at each MHA site (19) . The height distribution observed in the image is likely due to the different orientations the protein can adopt on the MHAcoated surface (Fig. 1C, inset) . Finally, the protein can be assembled in almost any array configuration, including lines and grids (Fig.  1D) .
IgG, which has substantially different dimensions (Y-shape, height ϭ 14.5 nm, width ϭ 8.5 nm, thickness ϭ 4.0 nm) (20, 21) , exhibited qualitatively similar adsorption characteristics (19) (Fig. 3) . The height profile of an IgG nanoarray shows that each IgG feature is 6.5 Ϯ 0.9 nm (n ϭ 10) high, which is consistent with a single monolayer of the protein adsorbed onto the MHA features and is comparable to what others have seen for macroscopic features (10) (11) (12) (13) .
We addressed the issue of nonspecific binding by incubating a nanoarray of rabbit IgG in a four-component aqueous protein solution (10 mM Tris buffer, pH 7.3) containing lysozyme, Retronectin, goat/sheep antibody to IgG (anti-IgG), and human anti-IgG (each at 10 g/ml) for 1 hour. A comparison of the AFM images of the array before and after treatment with this solution shows no evidence of protein binding to the array and almost no detectable nonspecific binding to the passivated, inactive areas of the substrate (compare Fig. 3, A and B) . When a nanoarray of rabbit IgG was treated with a solution containing lysozyme, goat/ sheep anti-IgG, human anti-IgG, and rabbit anti-IgG (concentration of each was 10 g/ ml) for 1 hour, each of the active features of the array increase in height from 6.5 Ϯ 0.9 nm (n ϭ 10) to 12.1 Ϯ 1.3 nm (n ϭ 10) (compare Fig. 3, C and D) . This almost doubling in height is consistent with a 1:1 reaction between the two protein structures. These experiments show that regardless of the orientations of the IgG within the nanoscopic features, the proper orientation can be adopted under these conditions to react with the anti-IgG in a complex protein solution. Thus, the proteins maintained biological activity after adsorption.
These protein nanoarrays also can be used for studying other biological interactions, such as cell adhesion, on a much finer length scale than what is possible with conventional micro-and nanofabrication techniques. We fabricated an array of Retronectin, a cellular adhesion protein that is a recombinant fragment of fibronectin containing the central cell-binding domain, the heparin-binding domain II, and a CS1 site (Fig. 4) . The adhesion of cells to Retronectin is mediated by the binding of integrin receptors to peptides found within the extracellular matrix protein (22) . After adhesion and spreading of a cell, the integrin receptors cluster into aggregates that recruit the assembly of several cytoplasmic proteins at the membrane into a complex termed the focal adhesion. These focal adhesion sites serve to regulate adhesion-de- pendent signaling processes and also play an important mechanical role by connecting the actin cytoskeleton structure to the substrate. An understanding of how adhesion and signaling of cells depend on the sizes and distributions of focal adhesions has been limited in patterning studies of immobilizing proteins to 1-m patches, which do not have the resolution necessary for characterizing the sizes of focal adhesions that are necessary for normal cell adhesion (4 ) . Whereas current studies reveal that focal adhesions have sizes on the micrometer length scale, the lack of higher resolution patterning methods has prevented direct examination of the range of sizes that constitute active focal adhesions (23) .
To test whether cells can adhere to protein nanoarrays with features well below 1 m, we used DPN to pattern MHA into a square array of dots that are 200 nm in diameter and separated by 700 nm (Fig. 4A) (24) . Like the other proteins, AFM images (19) showed that the Retronectin adsorbed almost exclusively on the MHA pattern (Fig. 4B ). The protein nanoarray was then immersed for 12 hours in a Dulbecco's Modified Eagle Medium (DMEM) solution with 10% bovine calf serum, which contained the 3T3 Swiss fibroblast cells (20,000 cells/ml). The arrays were then gently rinsed with phosphate buffered saline (PBS) and studied by optical microscopy. Significantly, cells only attach to the patterned region of the substrate and spread, but not completely, into a more flattened morphology. This morphology is a direct consequence of the sizes and spacings of the patterned protein, because cells placed on a nonpatterned substrate were well spread. Thus, submicrometer features can support cell adhesion and point toward the importance of a way of systematically identifying the relation between nanofeature size and composition in studies of cell adhesion and other related processes.
The ability to make protein nanoarrays on a surface with well-defined feature size, shape, and spacing should increase the capabilities of researchers studying the fundamental interactions between biological structures (cells, complementary proteins, and viruses) and surfaces patterned with proteins. Although we have explored only three proof-of-concept systems, we expect that it can be extended, with straightforward modifications of the aforementioned protocols, to a wide range of biomolecular structures and that the resolution of the technique, once optimized, should compare well with that of conventional DPN (10 nm) (25) (26) (27) . Nb of the solar system was high (Ͼ10 Ϫ3 ). We report Nb-Zr internal isochrons for the ordinary chondrite Estacado (H6) and a clast of the mesosiderite Vaca Muerta, both of which define an initial 92 Nb/ 93 Nb ratio of ϳ10 Ϫ5 . Therefore, the solar system appears to have started with a ratio of Ͻ3 ϫ 10 Ϫ5 , which implies that Earth's initial differentiation need not have been as protracted as recently suggested.
Some extinct radionuclides were sufficiently abundant at the start of the solar system that they produced variations in the abundance of their daughter isotopes in early-formed objects (1). Such nuclides provide information about late-stage presolar nucleosynthetic sites and the time scales over which the early solar system formed and first differentiated (2) (3) (4) . Of considerable interest in this regard is 92 Nb, which decays by electron capture with a half-life of 36 Ϯ 3 million years (My) to 92 Zr (5, 6) . 92 Nb is a shielded nuclide that forms by the p-process only. The p-process is a nucleosynthetic process that occurs in supernovae and produces proton-rich nuclides. Therefore, the initial abundance of 92 Nb provides information on stellar nucleosynthesis before the start of the solar system. Both Nb and Zr are refractory and lithophile, except under reducing conditions when Nb may become siderophile (7) . Within the Earth the dominant Nb/Zr fractionation mechanisms are silicate partial melting (8) (11) (12) (13) . Such a high value limits the possible sites for p-process nucleosynthesis and places specific constraints on the time scales for the development of differentiated reservoirs on the Earth and Moon. For example, it has been argued that large silicate reservoirs in the Earth and Moon formed Ͼ50 My after the start of the solar system (12) . However, such a result requires that the Toluca rutile grew very late (Ͼ200 My). In contrast, a combined Zr isotopic and U-Pb age study of an early zircon from a eucrite implied that the initial 92 Nb/ 93 Nb ratio was Ͻ10 Ϫ4 (14) . Here, we used the internal isochron approach to determine the initial 92 Nb/ 93 Nb ratio of the solar system. Two meteorites were studied in which ilmenite with high Nb/Zr is in textural equilibrium with other phases having intermediate Nb/Zr. Because the half-life of 92 Nb is long (36 My) and the level of uncertainty concerning the initial solar system abundance is more than two orders of magnitude, the critical concern is not the exact age of the meteorite ( provided it is reasonably early) but the acquisition of a reliable isochron from a cogenetic suite of phases that remained undisturbed after their formation. Therefore, we used the equilibrated but only weakly shocked (S1) H6 ordinary chondrite Estacado, which has a single generation of ilmenite, and a eucritic clast from the mesosiderite Vaca Muerta.
Using a Nu Plasma MC-ICPMS, we were able to measure ε 92 Zr with an external precision of Ϯ0.3 ε units (2 standard deviation) for samples with only 50 ng of Zr (15) . The Nb/Zr ratios were determined by inductively coupled plasma dynamic reaction cell mass 
